INTRODUCTION

Chemical
 industry is one of the major potential environmental pollutants. A great variety of its negative impacts affect both living organisms and material assets. This group of pollutants includes not only chemical factories, plants, warehouses of hazardous substances, and petrochemical industry, but all industrial complexes using dangerous substances in their production processes. Due to the high level of risk during its working performance, the activities of chemical industy have been frequently disputed.4 A large number of various hazards are reported especially with organic matters (Bogdanović, 2008) .
THEORETICAL PART
Hazardous substances and chemical accidents
According to European Union Directive-Seveso II, a chemical accident is defined as a result of unplanned and unpredicted events in the course of industrial activity being manifested through emission of toxic substances in the environment or through fire or explosion. The accidents comprising one or more hazardous chemicals jeopardize humans and environment both immediately or with delay, inside or outside the installation. Chemical industrial processes using flammable and/or toxic substances under different pressures and temperatures are exceptionalaccident-prone sites (Abassi et al., 2013; Khan & Abassi, 1998a) . It happens quite frequently that initial fires and explosions within the plant are initiators of new fires or explosions causing the so called "domino effect" enabling primary accident to be spread outside the building and * Corresponding author: danijela.ilic@pr.ac.rs grown into widespread disaster (Khan, 1998b; Khan, 2001) . These accidents kill a huge number of people and cause million euro losses.
According to International Labour Organization (ILO), chemical accidents occur during processing (40%), storage (25%) or transportation (35%) of hazardous substances. The major causes of chemical accidents appear to be human factor in 62% of cases and outdated technology in 20% of cases. Statistics show that, compared with all natural catastrophes, the highest number of casualties results from chemical accidents (Varma, 2005) . As reported by International Labour Organization, around 6000 people per day or 2.2 million people per year die from workplace accidents or consequences of professional illnesses.
Depending upon the place of origin, chemical accidents can be classified as those occurring in fixed facilities (plants, warehouses, oil pipelines) and those occurring during the transport of chemicals. Figure 1 shows the fire in the acetylene warehouse in Dallas 2007. According to the area affected by them, chemical accidents can be categorized as local, regional, national, and global. The most significant factors affecting the spreading of chemical accidents in space and time include physico-chemical properties of hazardous substance and meteorological, hydrological, and geological conditions of the location. Negative consequences resulting form chemical accidents are:
Release of hazardous pollutants (toxic, flammable, corrosive substances) into air, water or soil.
Explosions of substances including both the formation of a strong impact wave and the emission of toxic substances into atmosphere.
Fires being followed by both the formation of toxic and flammable gas clouds and solid combustion products.
Numerous chemical accidents have been recorded both locally and worldwide (Bogdanovic, 2009) . Some of major world chemical accidents should be mentioned: Flixborough (1974) , Seveso (1976 ), Bhopal (1984 , Basel (1986 ), Mexico (1988 , Enschede (2000) , AZF Toulose (2001) (Sengupta et al., 2016) . Tragic consequences of these events initiated multiple efforts in order to increase chemical process safety. Regarding that, many articles and books have been written (Crowl & Louvar, 2001; Mannan, 2013; Sanders, 2015) as well as procedures concerning safety improvements while processing, using, and handling hazardous substances. 
Acetylen -dangerous chemical
Acetylen (C 2 H 2 ) is the simplest unsaturated hydrocarbon belonging to alkyne group. Its molecule is linear and built up from two carbon atoms bonded together in a triple bond. One hydrogen atom is bonded to every carbon atom.
At normal temperature and pressure, pure acetylene is colorless, odorless, and tasteless. It is lighter than air and highly flammable. It is one of the most dangerous gases regarding flammability and explosivity. It burns in air with a bright flame whereas in oxygen it burns with a very hot flame reaching 3100 0 C. The physico-chemical characteristics of acetylene are shown in Table 1 . Due to the presence of phosphine and hydrogen sulfide, technical acetylene has specific garlic-like odor. As a result of a high flame temperature, acetylene is widely used in welding and metal cutting. Acetylen is often used as an alternative fuel or as an additive in reducing NOx emission in internal combustion engines (Lakshmanan & Nagarajan, 2010a; Lakshmanan & Nagarajan, 2011b) .
Handling with acetylene under the pressure being below atmospheric pressure appears to be quite safe. However, under higher pressures, due to the presence of unstable triple bond in its molecule, acetylene itself becomes highly unstable. Due to the energy impact, this gas undergoes the process of decomposition the result of which flammable hydrogen and elementary carbon are obtained. Exothermic reactions release a great deal of energy with temperatures ranging from 2800 0 C to 2900 0 C. The acetylene decomposition can result in external and compressive heating, electric sparks, or a strong impact wave. Acetylene is known to be able to decompose even under the condition of complete lack of air. (Carver et al., 1972) Due to the energy impact or under the higher pressure, acetylene can decompose in the cylinder in the completely inert atmosphere. In the course of this process, 226.5 kJ of heat per mole is released so compressed acetylene can behave as a very strong explosive. Combined with air, acetylene under pressure is easily flammable even at low temperatures. Acetylene has a low ignition energy (minimal ignition energy is 0.019 mJ) and it possesses a high speed of chemical energy release making it a very hazardous gas. (Sarkar, 1990) . The boundaries of its explosivity in the mixture with air range from 1.5-82 vol%, whereas with oxygen those intervals range from 2.3-93 vol%. At higher temperatures and under higher pressures, acetylene decomposes spontaneously releasing a large quantity of energy and causing chain reactions which result in explosion. Uncontrolled acetylene release during production processes, transportation, or storaging can lead to explosions and detonations endangering safety of people and material assets.
Acetylene can also be associated with chemical explosions followed by detonation combustion characterized by a strong impact wave and deflagration combustion characterized by intense thermal radiation. Damaging effects of detonation and deflagration combustion in free space spread rapidly and can easily overcome the zero zone of regular fire impact. These conditions cause significant material devastations, human casualties, and ecological disasters.
Pure acetylene is not toxic but in high concentrations it has a narcotic and irritating effect on people. Strong impact waves during explosions can lead to blast injuries.
Handling acetylene conforms with special regulations strictly excluding sudden cylinder discharging, mechanical smashing, heating, and uncontrolled change of volume/pressure proportion. Acetylene that is stored or transported must be properly labeled as shown in Table 2 .
High potential for explosive acetylene decomposition can be significantly decreased by mixing it with inert gases or dilluting it in suitable solvents. For this reason acetylene is stored in steel tanks, under pressure of 18 bar, dilluted in acetone. Various types of special porous materials are added into tanks in order to provide additional safety in acetylene handling. 
Simulation of chemical accidents
Prior to the chemical accident, the estimate of its impact to the environment is performed whereas the further calculation of its imact is done only after the accident. Ecological risk of an accident can be estimated based on possible scenarios where modelling provides us with the insight into endangered zones in real space and time.
Cities hosting plants which process, remanufacture or storage hazardous substances, carry a higher risk of chemical accidents (Sanchez et al., 2018) Therefore, the simulation of hazardous substance release in industrial plants has become important in prevention and assessment of negative impacts of chemical accidents, in environment protection and workplace safety increase (Shao & Duan, 2012; Huang et al., 2015) . Numerous mathematical models have been developed as useful tools for prediction of accidents in chemical processes (El Harbawi et al., 2008 Not only does it function as an independent program, it also works with CAMEO Chemicals and MARPLOT programs. ALOHA is widely used to plan for and respond to chemical emergencies. ALOHA program's database contains over 1000 pure chemicals with ability to add new or modify the existing ones. ALOHA is a modelling program that estimates threat zones, including the clouds of toxic gas, fire and explosions. The threat zone is an area where a hazard i.e. a risk (such as toxicity, flammability, thermal radiation or damaging overpressure) has exceeded a user-specified Level of Interest, the Level of Risk or the Level of Concern -LOC (Jovanović, 2013) . This program should be avoided in cases of chemical mixtures, indoor simulations, atmospheric fallouts, and in cases of distances farther than 10 km from the hazardous chemical release source. It is not suitable for simulations in urban areas with many tall buildings and where there is a probability for "canyon effect".
EXPERIMENTAL
Plant Messer Tehnogas Kraljevo
Messer Tehnogas company is the biggest producer and distributor of industrial, medical, and special gases in Serbia and in the Balkans. It supplies over 4000 buyers in Serbia and it delivers over 650 000 t of products per year. This company trades with gases produced in its own plant such as oxygen, hydrogen, helium, argon, carbon dioxide, acetylene. Beside the product distribution, the plant in Kraljevo also produces acytelene gas. It is located in the southern part of the city, in the urban area called Ribnica in Izletnička Street. As can be seen on the satellite picture of the plant (Figure 2) , it is located in the urban part of the colony. The lowland terrain on which the plant was built lies at the altitude of 196m. The plant is located at latitude 43 0 42' 32'' and longitude 20 0 41' 36''. The total area of plant complex is around 5.0 ha. Since the plant is situated in the urban area, the population likely to be under the direct negative impact of the accident is estimated to be as high as 1000 people. Primary school "Vuk Karadžić" being attended by 472 pupils is 100m northwest from the plant. Local Community Health Center is 100m north from the plant. Cultural Center "Ribnica" is also placed nearby the plant. Residential buildings are situated around the plant facilities. The river Ribnica flows 50 m far from the eastern plant facility and at 500 m on the north it flows into the Ibar. The nursery of "Srbijašume" producing desiduous and coniferous tree seedlings lies in the southwest of the plant. The part of the plant where acetylene is stored was selected as the focus of the accident simulation, and fire and explosion risk analysis.
Simulations of acetylene release
This scenario implies a visualization of possible hazards by determining threat zones, accident extent, and consequences of immediate exposure to chemical impact on the selected area. In order to model an accident, quantitative and qualitative data are required: information on the chemical compound involved (quantity, state of matter, physico-chemical and ecotoxicology properties), accident location data, and current meteorological conditions under which unpredicted events occur. This paper investigates the scenario leading to the gas diffusion from acetylene cylinder in the warehouse caused by tank wall damage (cracking). Acetylene tank is cylider-shaped and has a 0.5m diameter and a length of 2m. It is filled to 90% of its volume. The dimensions of the cylinder wall damage made at the height of 0.1m from the ground, are 0.100 x 0.05 m.
The simulation of acetylene release was performed under the most unfavorable meteorological conditions. Starting from experiential data, these conditions include wind speed of 1.5 m/s, the highest daily temperature, the average humidity matching the location and the temperature, and atmospheric stability of F class (Cvetanović, 2015) .
Atmospheric conditions, given in Table 3 , representing input data in the software are retrived from the internet site of Republic Hydrometeorological Service of Serbia (RHSS). These data show that western and eastern winds are the most frequent on the territory of the municipality of Kraljevo. Other wind types are not so present at this locality. Based on the geographical position of the warehouse in the plant complex, the eastern wind is deduced to make the most serious damage therefore it was taken as an atmospheric parameter for the simulation.
In the process of fire and explosion modelling, the boundaries of zones with damaging effect exposure should be determined (demolition, overpressure of impact wave, thermal energy effects) and the safety zone for people and objects should be defined. Acetylene is stored in a cylinder where it is dissolved in acetone under 18 bar pressure so the damage on the cylinder causes a great deal of this gas to be released in the atmosphere in the aerosol form. Since acetylene is a highly flammable and explosive gas, there are various accident scenarios. Toxic effects of hazards were not considered since fire and explosion present by far the greatest danger of acetylene release. The model of spreading of vapor clouds formed by gas release, the model of jet fires formed by ignition in the cylinder, and the model of liquid expanding vapor explosions were all examined. Our main objective was to estimate endangerment of people and objects in the plant and its vicinity.
As can be seen in Figure 3 , the simulation in all these cases showed that acetylen was released from the cylinder in the form of aerosol at the speed of 1.57 kg/s. The total time of acetylene release was 60 seconds. The first scenario, given in Table 4 , includes the release of non-burning acetylene forming a vapor cloud. In this case the areas with gas vapor air concentration within the limits of flammability, which can easily result in fire, were defined.
The results of this simulation, shown in Figure 4 , show that at 53 m distance from the hazard location spot in the wind direction, the gas concentration in the atmosphere is higher than 15000 ppm being 60% of lower flammability limit and can therefore cause forming pockets of fire and generating fire (red zone). In this zone workers caught at their workplaces and the part of the factory in the vicinity are most threatened. The yellow zone occupies the area at 53 m to 138 m distance from the hazard source in the wind direction and it has a gas concentration of 2500 ppm being 10% of lower flammability limit. As can be seen in Figure 5 in this zone about 15 residential buildings and a part of local road leading through the urban area would be directly endangered. Although the second scenario, shown in Table 5 , refers to the simulation of the accident under the same conditions, this simulation estimates the probability of forming an explosive zone caused by overpressure i.e. it defines the areas on which explosion of the formed acetylene cloud releasing into the atmosphere can occur. The simulation was performed for the detonation ignition occurred in the time period of 60 seconds after the gas release. As can be seen from Figure 6 , in this case, the most endangered zone encloses the diameter of 48 m (red zone) whose center is slightly shifted in the wind direction. In this zone under the pressure higher than 55.16 kPa which has a destructive power, concrete buildings can be destroyed and human fatalities can be recorded. This scenario would include the warehouse of the plant and a part of the local road leading through the urban area. In the subsequent band placed at 48 to 72 m distance from the hazard source (orange zone), the pressure higher than 24.13 kPa can cause grave injuries and the destruction of light construction buildings. In the real space, shown in Figure 7 , the orange zone includes a part of the plant, a part of the traffic road, sports facilities and a small number of residential buildings. The zone located at perimeter distance from 72 to 163 m (yellow zone) is the area under the pressure of 6.89 kPa. Minor injuries of people and slight building damages such as window cracking can be recorded in this zone. The yellow zone of this scenario would cover the Local Community Health Center, the Cultural Center, the primary school and about 20 residential buildings. In the third scenario, given in Table 6 , the release of dilluted acetylene in flame was predicted (fire in a tank, jet fire). Thermal radiation is the threatening danger signalled by the software. As can be seen in Figure 8 , three dangerous zones are also defined in this scenario.
The software predicted a 32 m long jet flame lasting for 20 seconds. In the 10 m radius red zone, thermal radiation with energy over 10 kW/m 2 is expected. This zone is potentially deadly and can cause severe burnings in only 60 seconds. The orange zone occupes the area at 10 to 23 m distance from the hazard source and is slightly shifted to the wind direction. Radiation energy in this zone reaches over 5 kW/m 2 causing second-degree burnings in only 60 s. The third band of danger lies at 23 to 45 m distance from the accident spot. Thermal radiation of 2 kW/m 2 in this zone can cause mild burnings in 60 s. Figure 9 shows the thermal radiation zones of acetylene in scenario 3 in the real space. This scenario would assume that the part of the plant in the vicinity of the hazard source belongs to the red zone. Beside the part of the plant, the orange zone would include a segment of local traffic road, whereas the majority of storage facilities of the plant, a part of the traffic road and one residential building would belong to the yellow zone. The fourth scenario, shown in Table 7 , was modelled for the Boiling Expanding Vapour Explosion (BLEVE). Thermal radiation (surface heat flux of flame) of the burning tank is the danger predicted by the software.
Characteristics of threat zones in Scenario 4are given in Figure 10 . In the fourth scenario, the software predicted the fire diameter of 31 m in only 3 s. The red zone is the zone where the fire ball originates with energy flux higher than 10 kW/m 2 being potentially fatal to humans. Zones of thermal radiation of acetylene in Scenario 4 in real space are given in Figure 11 . This scenario implies that the red zone would inlcude broader part of the plant complex area, a segment of the traffic road, playground, Health Center and 5-6 residential buildings. The orange zone would include a segment of the traffic road and 5 residential buildings. Cultural center, around 20 residential buildings and the acetylene production plant segment would belong to the yellow zone. 
CONCLUSION
The simulations of various acetylene cylinder release scenarios indicate the high risk of fire in explosion and significant endangerment of working and natural environment in Messer Tehnogas Kraljevo plant. The most endangered zone is the warehouse with different gases. Bearing in mind that acetylene is storaged in this zone, it can be logically deduced that fire or explosion of only one acetylene cylinder can trigger the avalanche of uncontrolled explosions and fires. This generates the so called "domino effect" whose consequences are far more serious than the described ones.
Together with assessment of safety and threat zones, ALOHA sotware program provides proper risk managament planning and improvement of people and object safety in the surroundings. According to damage risk estimates, this program contributes to taking adequate measures in order to prevent potential accidents in chemical plants. The simulation is substantially cheaper solution compared to in vivo experiments since it saves material, financial, and temporal resources.
